Abstract: Polarization-beam-splitters with both broadband operation window and high extinction ratio are highly desirable in optical communication systems. In this paper, a compact noncascaded-directional-couplers PBS with an ultrahigh extinction ratio and low excess loss is proposed. The PBS utilizes an asymmetrical directional coupling structure consisted of a TE-pass-polarizer waveguide and a TE-and TM-pass waveguide. The simulation results show that the extinction ratio is up to 35.41 dB and the excess loss is only 0.11 dB around the central wavelength 1550 nm for both polarizations (TE and TM). Meanwhile, when the extinction ratio is 30, 25, and 20 dB, the corresponding bandwidth is 72, 145, and 188 nm, respectively. Also, the EL is 1 and 0.5 dB in a bandwidth of ∼73 and ∼48 nm, respectively. A fabrication tolerance of ±10 nm for the waveguide width is also achieved.
Introduction
Polarization beam splitters (PBSs) are basic elements for polarization manipulation in state-of-theart polarization-multiplexed systems [1] . In particular, compact or high extinction ratio(ER) PBSs based on photonic-integrated circuits (PICs) are widely achieved. More importantly, key features, such as broad bandwidth, low excess loss (EL) and high ER, are highly desirable for high-speed polarization-division-multiplexed (PDM) systems [2] . So far several kinds of integrated PBSs based on different configurations have been demonstrated, including multimode interference (MMI) [3] , [4] , Mach-Zehnder interferometers (MZIs) [5] , directional couplers (DCs) [6] - [8] , photonic-crystals (PhCs) [9] , and gratings [10] - [13] . Although directional couplers (DCs) [8] provide a good approach to broaden the working bandwidth, they have relatively complex structure. In spite of Adiabatic coupler [15] has low EL, it's ER not high yet. Most PBSs based on directional coupler have advantages of compact size and broadband compared to those based on MMI and MZIs or grating-assisted couplers. The PBSs utilizing grating-assisted couplers [16] can get a high ER but have a narrow bandwidth. Among these structures, asymmetric DCs [7] have been regarded as one of the most attractive options, because of the performance excellence and design simplicity, however the ER of TE polarization is not very high yet by reason of some undesired residual cross-coupling in the DC [7] . In addition, the design in [14] based on improved structure consisted of three cascaded DCs [7] coupling system, thus the ER is naturally higher than a one-stage coupling system [7] . Therefore, it is very critical to develop compact high-performance PBSs with a low EL and a high ER in a broad bandwidth.
In this paper, we propose a novel compact non-cascaded-directional-couplers PBS with an ultrahigh ER and low EL on silicon-on-insulator (SOI) platform. The PBS utilizes the asymmetrical directional coupling structure consisted of two strip-nanowire waveguides with different sizes. The waveguide A of proposed PBS can contain both (TE and TM) polarizations beam, while the waveguides B/C of proposed PBS only contain single (TE/TM) polarization beam. Using commercial 3D-FDTD simulation software (i.e., the Lumerical Solutions, Inc.), the results show that the ER is up to 35.41 dB and the EL is only 0.11 dB around the central wavelength 1550 nm for both polarizations (TE and TM). Meanwhile, when the ER is 30, 25 and 20 dB, the corresponding bandwidth is 72, 145 and 188 nm, respectively. Also, the EL is 1 and 0.5 dB in a bandwidth of ∼73 and ∼48 nm, respectively. A fabrication tolerance of ±10 nm for the waveguide width is also achieved.
Theory and Device Design
The structure of the proposed PBS is shown in Fig. 1 , which includes an asymmetrical directional coupler consisted of two strip-nanowire silicon waveguides with different thicknesses and widths.
The directional coupler is composed of two parallel silicon waveguides. The cladding is air and the substrate of the PBS is silica with a thickness of 2 μm. The refractive indices of Si (n Si ), SiO 2 (n Silica ) and air (n Air ) are 3.477, 1.44 and 1.0, respectively.
As shown in Fig. 1 , the cross-section (wide × thickness) of this waveguide specially is set as 300 × 400 nm. The corresponding effective indexes of TE and TM mode are calculated to be 2.020 and 2.397 at 1550 nm (see Table 1 ). Then, waveguide A can contain fundamental TE and TM modes due to that the effective index is more than 1.45. In order to realize the PBS function, the input TE beams in waveguide A have to be coupled into waveguide B by an asymmetrical directional couplers (as shown in Fig. 1 ), but the input TM beams must propagate through the waveguide A. Therefore, the coupled waveguides (A and B) have to satisfy the phase-matching condition for the evanescent coupling. That is to say, the effective index of waveguide A TE-mode is equal to the effective index of waveguide B TE-mode (see Table 1 ). The eigenmodes of the waveguide with a width and thickness from 0.16 μm to 0.5 μm are calculated. The model characteristics of the waveguide are shown in Fig. 2 , which consists of five regions labeled from A1 to A5 with different marks. Region A1: multimode region; Region A2: single-mode region; Region A3: single-TE-mode region; Region A4: single-TM-mode region; and Region A5: cutoff region. It can be observed that waveguide with a cross section in region A3 only supports TE mode, while for region A4, it only supports TM mode. Therefore the waveguide A contains single-mode, the waveguide B only contains single-TE-mode and the waveguide C only contains single-TM-mode.
To make waveguides B and C work as TE and TM-pass-polarizer, the width of waveguide C is set as 200 nm and the thickness of waveguide B is set as 200 nm (also [16] and [17] ). The final sizes of waveguides B and C are set as 400 × 200 nm and 200 × 400 nm, respectively. Subsequently waveguides A and C are TM-and TE-pass polarizer, respectively. In addition, the waveguide A is connected with the waveguide C by the taper waveguide which brings a small loss for the TM beams.
Next, the coupling coefficient of directional couplers must be properly chosen by setting the coupling length and the gap between two waveguides. Here, the gap is specially set as 200 nm (the normal gap in commercial fabrication procedures) to enhance the contra-directional coupling strength. And the bending radius (R) of waveguide A, B are set as 3.33 μm to ensure that the bending loss is negligible for fundamental modes. The behavior of an asymmetrical directional coupler can be formulated by coupled mode theory [18] . The fraction of the power (P cross ), which is coupled from one waveguide to the other, can be expressed as:
(1)
where β is a phase constant difference, P i n is the input optical power of the waveguide, z is the total effective coupling length of DC that includes the two parts (i.e., straight and bent waveguides). The optical loss coefficient of α in both waveguides is an exponential function. The coupling coefficient k is a strong function of the shape of the mode tails in the guides. The performance of an asymmetrical directional coupler is shown in Fig. 3(a) at the condition of the input wavelength is 1550 nm. It can be observed that the coupling power achieves 98% for the TE polarization when the total coupler length (Z TE ) is 13.9 μm. The bend part of waveguide A and C, as well as the separating ports, can also couple some power which is assumed as k 0−TE . According to (1) and (2), the bend part can be converted into the equivalent straight length (Z 0−TE ). Thus the straight part of coupler length Z 1−TE can be calculated by Z 1−TE = Z TE −Z 0−TE . For the best effective coupling, the length of the straight part is 13.15 μm. At last, the total length of the PBS is 25.15 μm (as shown in Fig. 1 ).
Owing to the wavelength-dependent power coupling, it's not easy to split the polarization beam at high ER for a relative broad band. In the proposed PBS, waveguides B and C are specially designed to merely hold single polarization, which can further filter out those unwanted polarization components from the power coupling. That is to say, waveguide B is a TE-pass polarizer due to that the waveguide B cannot sustains TM mode, and waveguide C is a TM-pass polarizer due to that the waveguide C cannot sustains TE mode.
The performance of TE-pass polarizer and TM-pass polarizer at difference polarization (TE/TM) for waveguides B and C is shown in the Fig. 3(b) . It can be observed that when TE/TM polarization beam propagates in the waveguide C/B, it will suffer from a huge loss. That is to say, the waveguide B/C only sustains fundamental TE/TM mode. As shown in Fig. 4(a) and (b) , it determines the mode condition for the waveguide that the width of the waveguide is varied from 100 nm to 1000 nm at different thickness 400 nm [see Fig. 4(a) ] and 200 nm [see Fig. 4(b) ]. Obviously, waveguide B and C only support single TE or TM polarization mode. Meanwhile, waveguide A can support both polarizations (TM and TE) because it can well confine the energy of both polarizations. In addition, all waveguides (A, B and C) cannot support higher-order modes because of the corresponding effective indexes are less than 1.45, which mean that the beam propagates in the waveguide, it will suffer from a huge loss.
Simulation Results and Discussion
The power field profiles of the light propagation in the designed PBS are shown in Fig. 5 for TE [see Fig. 5(a) ] and TM [see Fig. 5(b) ] polarizations at 1550 nm wavelength. It is shown that TE polarization is coupled and output from the cross port, meanwhile, TM polarization is output from the through port without any coupling. Considering the bending loss is polarization dependent, i.e., TM fundamental mode has a higher bending loss than TE fundamental mode for the waveguide B. Therefore, a sharp S-bending structure can enhance TE-pass polarizer function which helps filter out the undesired TM polarization at this port and improves the ER. Furthermore, the bending loss in waveguide B is negligible for TE polarization, and the end separation (1 ∼ 2 μm) of the two output ports is large enough to avoid any undesired coupling. Note that, even though the power profiles distribute different for the difference size of waveguides, the total output intensity of two branches are almost the same.
The calculated transmission spectral responses are shown in Fig. 6 at different ports for TE and TM polarizations. It is shown that the ER is 35.41 dB and the EL is 0.11 dB around the central wavelength 1550 nm for both polarizations. At the same time, the wavelength range from 1.517 to 1.586 μm, the PBS's corresponding suppression ratio is 30 dB and the operation bandwidth is 69 nm with an EL is <1 db. Meanwhile, the EL is 1 dB and 0.5 dB in a bandwidth of ∼74 nm and ∼48 nm, respectively. Moreover, Fig. 6(b) shows the ER of the PBS for both TE and TM polarizations. When the ER is 30 dB, 25 dB and 20 dB, the corresponding bandwidth is 72 nm, 145 nm and 188 nm, respectively.
The fabrication tolerance is very important for fabricating a chip. By assuming that there is a corewidth variation w or core-thickness variation h, the waveguide width has W WG = W WG + w. Correspondingly, the gap widths are given as W gap = W gap − w or the waveguide thickness has H WG = H WG + h. In this way, it becomes tolerant to the etching depth. Therefore, we give an analysis for the case in which there is a waveguide width variation w = ±5 nm and ±10 nm or waveguide thickness variation h = ±5 nm (as shown in Fig. 7 ). It can be seen that the central wavelength moved slightly, the ER is reduced and the EL is increased. However the PBS still has a > 20 dB ER over a very broad wavelength band (> 100 nm) for both polarizations, even when the width variation w = ± 10 nm or the thickness variation h = ±5 nm. Hence, a fabrication tolerance of ±10 nm for the waveguide width is also achieved. We further compare our work with those high-performance PBSs, they have been reported so far in PICs as listed in Table 2 . It is shown that the present PBS is not only the best one with ultra-broad bandwidth for achieving a high ER (e.g., > 30 dB) and a low EL (e.g., < 0.5 dB), but also non-cascaded-DCs structure. In terms of the manufacture feasibility, [1] shows a way to fabricate two kinds of waveguide thicknesses. With the development of the silicon photonics fabrication, it will quite possible to fabricate multiple-thickness waveguides in one chip in the near future. 
Conclusion
We propose a novel compact non-cascaded-DCs PBS with ultra-high ER and low EL. The PBS utilizes an asymmetrical DC structure consisted of a TE-and TM-pass waveguide and TE-pass-polarizer waveguides. An integrated compact footprint (i.e., 2.3 × 25.15 μm 2 ) PBS has been demonstrated. The simulated results show that the ER is 35.41 dB and the EL is 0.11 dB around the central wavelength 1550 nm for both polarizations (TE and TM). Meanwhile, when the ER is 30, 25 and 20 dB, the corresponding bandwidth is 72, 145 and 188 nm, respectively. Also, the EL is 1 and 0.5 dB in a bandwidth of ∼73 and ∼48 nm, respectively. A fabrication tolerance of ±10 nm for the waveguides width is also obtained. The proposed PBS may be a desired candidate for prominent Tbit/s polarization-division-multiplexed (PDM) systems.
